Design and management of the Indus Basin Irrigation System are aimed at achieving equity in canal water supply. This concept, which is more than a century old, ignores the due aspect of groundwater management in today's perspective. Recent research has proved that variation in irrigation demand and rainfall within the irrigation units has given birth to varying stresses on groundwater. In response to spatial climate variability, reallocation of canal supplies from the head towards the tail of the Lower Bari Doab Canal (LBDC) command was evaluated in this study, with the objective of achieving equitable total irrigation costs. The ensuing groundwater regime was simulated for 50 years' time with a groundwater model. A 25% reallocation from head towards tail-end improves the standard deviation of total irrigation cost equity from 1905 to 241. This command scale integration of available water resources also demonstrated a net saving in groundwater pumping cost to the tune of 7.24 to 18.9%, in comparison with existing equitable canal supplies. With this approach, at least minimal or no waterlogging in the headend area, even during wet years, and no groundwater mining in the tail-end, even during dry periods, are anticipated. In addition, this system-scale integrated water management would increase adaptive capacity to climate change adaptation.
Introduction
Pakistan is an agrarian country where irrigation is used on 75% of the agricultural land, mainly in the Indus Basin. Like many other developing countries in South Asia, agriculture in Pakistan is heavily dependent on groundwater irrigation for sustainability of current crop production levels. Because canal irrigation systems do not provide farmers with adequate water or enough control over irrigation deliveries, most of them have turned to groundwater as a sole or supplemental source of irrigation. Cheema et al. (2013) studied surface and groundwater resources of the Indus Basin, covering an area of 1.162 million km 2 , falling in Pakistan, India, China and Afghanistan. The objective was to model the conjunctive use in the transboundary Indus River Basin. The Pakistani Punjab and the Indian states of Punjab and Haryana were found with the highest stress on groundwater. Within the Pakistani Punjab, groundwater pumping and depletion were greatest in the lower parts of Bari Doab.
Actually, in the Pakistani part of the Punjab, canal supplies are far less than actual crop water requirement. In areas where this gap in water demand and canal supplies along with rainfall is higher, groundwater pumping is more than the recharge. Therefore, mining of the resource is taking place in addition to its adverse impact on the economic conditions of the farmers. The strength of groundwater irrigation lies in its ready access, as per demand, which otherwise is not possible with canal supplies alone, these being part of a supply driven and turn bound system. Therefore, it is not surprising that the contribution of groundwater irrigation towards crop yields has now surpassed that of canal water. This successively increasing supplement to canal water is considered to be at risk due to over development and deterioration of quality in some of the irrigated areas of the Punjab (NESPAK/SGI, 1991; van Steenbergen & Olienmans, 1997; Halcrow, 2006; Basharat & Tariq, 2013a) . Basharat et al. (2013) pointed out a depletion rate of 0.55 m per year, during the last decade, for the lower parts of the Bari Doab. In general, the lower parts of the Bari Doab are highly depleted, as compared to the stable condition of the upper parts of the Doab, whereas groundwater levels exhibit a gradually falling trend in a south-west direction, as apparent in Figure 1 . Shah (2006) mentioned falling groundwater levels as a key challenge by saying 'sustaining the massive welfare gains that groundwater development has created without ruining the resource is key water challenge facing the world today'.
According to Molden et al. (2010) , there is considerable scope for improving water productivity for crops, livestock and fisheries at the field level through to basin scale. Deficit irrigation is one of the practices used to achieve increased production; others include water harvesting, supplemental irrigation, precision irrigation techniques and soil-water conservation practices. The authors further claim that maximum improvement is possible in areas of physical water scarcity where competition for water is high, such as falling groundwater tables, and river desiccation. Geerts & Raes (2009) confirmed that deficit irrigation is successful in increasing water productivity for various crops without causing severe yield reductions. The Indus Basin Irrigation System (IBIS) is already designed on the concept of deficit irrigation. This deficit is met by groundwater pumping, as and when required due to low canal supplies, especially in Punjab, where groundwater is mostly fresh. Population growth is particularly high in Pakistan, at 2.03% per annum (World Population Day, 2011) . This means that the country has an additional challenge of increasing crop production for the expected increase in population; this could be possible only with simultaneous and efficient management of surface and groundwater resources.
Groundwater management needs and complexities
Conjunctive use is in practice on more than 70% of the irrigated areas within the IBIS (Qureshi et al., 2010) . But this conjunctive use is practised only at farm level by the individual farmers without any collective and planned management at canal-command or basin level. According to PPSGDP (2000) and Laghari et al. (2012) , the unmanaged conjunctive use of surface and groundwater causes the water table to rise at the head ends of the canals resulting in waterlogging, whereas at the tail ends salinity problems are increasing. In their opinion, with the encouragement of planned conjunctive use, this situation can be improved. Also, the World Bank (2005) pointed out that the realistic water requirements of the canals are required to be recalculated, keeping in view the various factors under the present situation. Basharat et al. (2013) compared irrigation water requirement, canal supplies and rainfall for all the irrigation systems in Punjab and proved that allocation of water to these irrigation units has no rationale. Where the water allowances are high, crop yields declined due to waterlogging and salinity; on the other hand, disproportionately low water allowance makes farmers rely more on tubewell water. The doctrine of historic right of wasting water is no longer valid, when every drop of water counts. The main objective of this piece of work is to develop an approach for rationalizing the water allowance in irrigated areas, so that the overall equity of demand-based relative water supply to the farmers is ensured. In other words, canal water ought to be supplied in proportion to the gap in crop water requirement and rainfall amongst irrigated areas. This will ensure the equity of groundwater availability too, which at present is deep in tail-end areas of the commands as compared to head-reach areas (Basharat and Tariq, 2013a) . 
Study area description
Bari Doab on the Pakistan side of the border covers about 29,000 km 2 ; it is one of the most productive agricultural regions in the subcontinent. The Lower Bari Doab Canal (LBDC) irrigation system, with a gross command area of 0.80 million hectares (8.0 Â 10 9 m 2 ), falls in the centre of the Bari Doab ( Figure 2 ). The main canal, with a design discharge of 278 m 3 /s, off-takes from the left bank of the Ravi river at Balloki Barrage, flows for 201 km supplying water to its 65 off-taking channels ( Figure 2 ). These consist of 53.5 km of branch canals and 2,261 km of distributaries, minors and sub-minors. The canal irrigation is managed through four irrigation administrative divisions: Balloki, Okara, Sahiwal and Khanewal (Figure 3 ). Agriculture in the area is sustained through surface water supplies in the LBDC and pumped groundwater from the underlying unconfined aquifer. The canal water supply is the most important, least costly and most dependable prime water resource, both for crop water requirement and groundwater recharge, with recent average annual (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) deliveries of about 4,897 million m 3 at canal head. Constructed in 1911-1913, the irrigation system was designed with equitable canal supplies over the command, for a cropping intensity of 67%, which has steadily increased to the present level of above 160%.
Spatial climate variability and conjunctive management needs in the LBDC irrigation system
According to Basharat et al. (2013) and Basharat & Tariq (2013a) , spatial climate variability within the irrigation system in the Indus Basin has created differential variations in rainfall and, as a result, in irrigation water demand. Annual normal rainfall distribution over Pakistan is shown in Figure 4 . There is maximum variation in rainfall over central and northern Punjab (Figures 4 and 5 ). For the LBDC irrigation system, Basharat and Tariq (2013a) concluded that annual normal rainfall decreases towards the tail-end (212 mm) as compared to the head-end (472 mm). Increasing groundwater depletion rate towards the tail-end of the command was attributed to decreasing recharge to groundwater in the downstream direction of the LBDC irrigation system. This was further considered to be the result of decreasing rainfall in this direction. Based on groundwater level data of -2008 , Basharat (2012a pointed out that groundwater table depletion rate was highest (0.34 m/year) in Khanewal Division, the tail reach of the LBDC command, followed by Sahiwal Division (0.18 m/year), whereas the groundwater levels in Balloki and Okara Divisions (upper reaches) were stable. This comparatively better groundwater position towards the head of the LBDC irrigation system (also apparent in Figure 1 ) is due to the relatively higher annual normal rainfall (Basharat & Tariq, 2013a) .
Basharat (2012a) estimated an increase in groundwater pumping cost with an increase in depth to water table (DTW), based on data of drilling depth and pumping equipment commonly used across the LBDC command as reported by Halcrow (2006) . According to the results, cost per cubic metre of pumped groundwater increases about 3.5 times as the DTW drops from 6 to 21 m from head to tail in the LBDC command. Similarly, Qureshi & Akhtar (2003) point out that the cost of installing tubewell in areas where water table depth is more than 24 m is 7 times higher than those areas where water table depth is around 6 m. Owing to such extraordinary cost differences regarding groundwater pumping, farmers suffer to different extents, depending upon the location (whether at head/middle/tail) of the main canal and/or watercourse. The fact that farmers located at the upper reaches of the irrigation canals get higher income and that income progressively decreases downstream along all main, secondary and tertiary irrigation canals has also been highlighted by Latif (2007) and Latif & Ahmad (2009) . The difference in income was attributed to larger use of groundwater towards the tail reaches of the irrigation channels, incurring higher costs to the farmers. The difference was attributed only to lower recharge to groundwater from inequitably available canal water and higher discharge in the form of groundwater pumping towards tail reaches of the canals. However, the effect of climatic variability in the form of decreasing rainfall and increasing crop water requirements from head to tail at the main canal command level had been overlooked, as pointed out by Basharat & Tariq (2013a) , for the LBDC command. 
Materials and methods
A groundwater model of the aquifer under the LBDC irrigation system was developed based upon recharge from rainfall and irrigation supplies and upon discharge in the form of groundwater pumping. The model was calibrated and validated for the period of 2001-2009. Groundwater levels were simulated for the next 50 years under future possible scenarios of canal water availability, without and with reallocation towards the tail of the system. In this way, a most plausible reallocation, resulting in equitable total irrigation cost over the LBDC command, was found.
Data collection and analysis
2.1.1. LBDC command-level canal water equity. Basharat (2012b, pp. 174-176) analysed 4 years' data (2006 to 2009) about discharges at the head of the channels off-taking from the LBDC main canal, collected by the Project Monitoring and Implementation Unit of the Punjab Irrigation and Power Department. Values of delivery performance ratio (DPR) were calculated for the off-taking distribution channels from the main LBDC canal, which varied from zero to about one. The average DPR for a period of 4 years (2006) (2007) (2008) (2009) for these channels was 0.75, minimum and maximum DPR of 0.53 and 0.96 respectively, standard deviation of 0.08 and coefficient of variation as 0.11. Mean canal water diversions (depth distributed over the culturable command area of respective channels) were 65.74 and 65.14 cm, for the years 2006 and 2007 respectively, with corresponding standard deviation of 10.3 and 11.3 cm and coefficients of variation as 0.16 and 0.17 respectively. It was further concluded that the inequity in surface water diversion amongst the off-taking channels was prevalent, but without any trend in head-to tail-end direction. Thus, canal water is being supplied equitably, ignoring the increasing crop water demand towards the tail-end.
2.1.2. Field data verification. To recheck the canal water equity or otherwise at the LBDC command level, Basharat (2012b, pp. 176-180) carried out sample field measurements at individual farmer level, during the water year 2008-2009. In this attempt, four water courses were selected at random, well spread in the command (covering both fresh and saline areas). Data of canal water supplies and groundwater pumping on an individual basis for all the farmers were recorded for 1 complete year. It was concluded that inequity in the use of canal and groundwater along the watercourse is present due to seepage losses along the length. Similarly, inequities of canal water distribution amongst the watercourses were found to be prevalent, but this inequity is without any trend in head-to tail-end perspective of the LBDC main canal.
Groundwater model calibration and validation
The aquifer under the LBDC irrigation system is unconfined, with space-and time-dependent water table due to varying recharge and discharge both in space and time. Most of the aquifer water is discharged by pumping out for irrigation. Groundwater Vistas (GWV 5) with MODFLOW (2005) numerical model was used for model development, calibration and simulation. A brief account of the model calibration and validation is given below.
Calibration statistics for the model indicate a residuals' range from À2.918 to þ3.049 m, with a mean of -0.0536 m and an absolute residual mean of 0.535 m. The ratio of residual standard deviation (0.702 m) to the observed range in head (91.303 m) is 0.77%. Groundwater heads, at 1,326 observations out of a total 1,568 targets (84.6%) were within +1 m of observed values, and at 1,557 out of 1,568 targets (99.3%) were within +2 m of observed values. Therefore, heads were reasonably well simulated in the model domain. Figure 6 is the output from Groundwater Vistas software, showing plot of residual heads against the observed groundwater elevations.
Simulated groundwater elevation contours superimposed on observed groundwater contours, for June 2008 (Figure 7) , show that the calibrated model satisfactorily reproduced the spatial distribution of groundwater levels. The model reproduced the interpreted direction of the groundwater flow and closely approximated water levels in most of the study area and there was no systematic over estimation or under estimation of heads.
Canal command-level irrigation cost equity
The LBDC command was divided into eight sub-units called hydrologically similar units (HSUs), as shown in Figure 3 , for the purpose of canal water reallocation. These HSUs were digitized in GIS in consideration of distributary command boundaries. For the purpose of groundwater pumping cost computations, average depth to groundwater was calculated for each of the HSUs, based on all model cells falling in it. The cost of groundwater pumping per year per hectare (10 4 m 2 ) on HSU basis was calculated by multiplying average groundwater pumping volumes (m 3 /10 4 m 2 ) required per year for the period of simulation and the corresponding cost of pumping (Rs./m 3 ) depending upon the DTW in the HSU. The annual cost of canal water per hectare was calculated based on the existing prevailing flat Abiana (revenue) rates by the Punjab Government (Kharif Rs.85/acre (4.05 Â 10 3 m 2 ) and Rabi Rs.50/acre (4.05 Â 10 3 m 2 )), which have been imposed since Kharif 2003 (Sufi, 2011) . The total annual irrigation water cost accrued per hectare was obtained by summation of the cost of pumped groundwater and canal water.
Future canal flow series
Future canal flows on Kharif and Rabi season basis were derived from the 34 years' (1977-1978 to 2010-2011) observed data of canal releases to the LBDC command. Rainfall on a HSU basis was determined by interpolating seasonal values for Lahore, Faisalabad and Multan. Based on the observed data of canal flows and rainfall for the past 34-year period, new 50-year stochastic series (S-flow series) was generated both for canal supplies and rainfall using SAMS software with ARMA(1,0) model (Figures 8  and 9 respectively). Releases to the LBDC and other irrigations systems had been decreasing due to continued siltation of online storages and drought faced at the start of the last decade. Future water availability for the LBDC command is expected to increase due to the enhanced capacity of the LBDC system after its improvement and to the increased surface storage in the Mangla dam after its raising (Basharat, 2012b, pp. 154-157) . Therefore, P-flow series (post-improvement flows) to the LBDC was based on a proportion of the LBDC share with respect to other canals in the system, as given by the Indus River System Authority (1991) in the Water Apportionment Accord (WAA) of 1991. The percentage of the LBDC share to total share of Punjab as allocated in the WAA (11.286 and 7.497 for Rabi and Kharif respectively) and the percentage of actual diversions for the LBDC to total Punjab diversions (9.869 and 7.259 for Rabi and Kharif respectively) for the period 1977-1978 to 2008-2009 were calculated. The actual diversions to the LBDC command after the Mangla raising are deemed to be in the same percentage as found in the WAA. Therefore, the S-flow series of diversions to the LBDC command was enhanced to get P-flow series by the corresponding ratio of these percentages (1.144 and 1.033 for Rabi and Kharif respectively).
Canal water reallocation
The total irrigation cost (from canal and groundwater) increases enormously towards the tail-end of the LBDC command, due to successively increasing irrigation demand and pumping costs towards the tail-end. In order to reduce this wide irrigation cost difference, it was postulated that canal flows may be reallocated in proportion to increasing irrigation demand towards the tail of the system. Different reallocation scenarios (percentages amongst the HSUs) for the S-and P-flow series were simulated in the model to obtain the most plausible reallocation percentages (positive means canal water was increased and negative means canal water was decreased), as shown in Figure 10 . Negative percentage in Figure 10 for HSU 7_Abdul Hakeem is due to additional groundwater recharge available from adjoining Sidhnai barrage and Sidhnai canal passing through the area. Therefore, in spite of the fact that 7_Abdul Hakeem HSU lies towards the tail-end, due to these two recharge sources, canal water had to be taken from this HSU and allocated to other tail-end HSUs. Further, the reallocation was restricted such that the resulting water quality of any region, particularly saline areas, would not exceed 800 parts per million. Existing cropping intensities and cropping patterns were assumed to be prevailing, even after the increased canal flows and canal water reallocation, that is, crop water requirements were assumed to be remaining at the existing level. 
Simulation results
Cost equity in using canal and groundwater was compared for the two flow series. Results of these flow series (existing equitable and with plausible reallocation) are discussed on an HSU basis in terms of the impact on groundwater depth, cost of groundwater pumping, composite cost of canal and groundwater irrigation after simulation by the groundwater model. • P-flow series: Simulation of increased canal flows, that is, enhanced S-flow series (with and without reallocation) after the LBDC improvement project for achieving equity in cost of irrigation water.
Results and discussion

S-flow series
The average DTW hydrographs for each of the HSUs and sub-HSUs without reallocation and with the proposed most plausible reallocation percentages are shown in Figures 11 and 12 respectively. With the present equitable allocation approach, the groundwater levels are gradually recovering in HSUs 1 to 4 and 7, whereas the groundwater levels in HSUs 5, 6, and 8 are consistently depleting (Figure 11 ). Average DTW situation, in response to the most plausible reallocation percentages (Figure 10) , is shown in Figure 12 . Under this reallocation scenario, the groundwater levels in the tail-end HSUs are recovering with the passage of time (except in the lower part of HSU_8, due to boundary impact) whereas the groundwater levels in the head-end HSUs are slightly depleting. Thus, groundwater levels are adjusting in the LBDC command as a result of canal water reallocation.
The intensity of groundwater depletion and recovery trend is shown in Figure 13 , as water table hydrographs for a selected cell, one in each of the sub-HSUs (4 sub-HSUs, each for tail-end and head-end). These hydrographs show fast groundwater depletion towards the tail-end (except HSU_7, which is near to the recharge sources) of the command with the prevailing equitable canal water distribution, but slow recovery of groundwater levels for tail-end area as a result of canal water reallocation. Thus, the canal water reallocation results in equity of groundwater availability with the passage of time.
Composite cost equity, without and with reallocation, evaluated at the end of 50 years' time, is shown in Figure 14 (excluding HSU_1 and HSU_7, as both have shallow DTW due to nearby intensive recharge sources). Thus, under equitable canal water distribution the minimum annual cost of water (Rs./10 4 m 2 ) is 1,926 for HSU_2, and the maximum is 6,101(Rs./10 4 m 2 ) for HSU_8_M (ignoring the last sub-HSU_8_L). This shows that after 50 years from now, tail-end farmers will be bearing three times the total irrigation costs (6,101:1,926 ¼ 3.17) than those of their counterparts at the headend of the canal command. At present, the tail-end farmers are incurring 2.19 times the composite cost of irrigation water, as compared to those at the head-end. Thus, with the S-flow series and equitable canal water supplies, the presently prevailing cost inequality is going to further aggravate with the passage of time. With the proposed plausible reallocation, the composite cost difference has progressively reduced to the minimum possible, as shown in Figure 15 . The standard deviation of cost equity improves from 1,905 (for equitable allocation, i.e. without reallocation) to 323 (for the proposed plausible reallocation). Another very important positive impact of reallocation is the net saving in groundwater pumping cost of Rs.164.5 million as a result of plausible reallocation, which is 7.24% of the cost in equitable canal water distribution.
P-flow series
The average DTW hydrographs for each of the HSUs and sub-HSUs, without reallocation and with the proposed most plausible reallocation percentages, are shown in Figures 16 and 17 respectively. The groundwater levels are recovering in HSUs 1 to 5 and HSU 7; the groundwater levels in HSU_6 and HSU_8_U are recovering, but at a relatively slower rate; whereas in the downstream parts of HSU_8 (middle and lower, sub-HSUs), the groundwater levels remained more or less unchanged, as shown in Figure 16 . For the plausible reallocation percentages (Figure 10) , Figure 17 shows groundwater levels in the tail-end HSUs are recovering at a higher rate with the passage of time (except relatively less recovery in the lower part of HSU_8), whereas the groundwater levels in the head-end HSUs are also recovering, but with slower rates. Thus, groundwater levels are adjusting in the LBDC command towards equity of DTW with the passage of time.
The intensity of groundwater depletion and recovery trend for equitable distribution (usual) and plausible reallocation scenario is shown in Figure 18 , in the form of DTW hydrographs for a single cell in few of the sub-HSUs (4 sub-HSUs, each in head and tail-end of the command). With the existing equitable canal water allocation, the hydrographs show mild groundwater depletion towards the tail-end of the command for HSU_8_Jhanian and HSU_6_Mianchunnu, and little recovery for HSU_7 and HSU_5. For the plausible reallocation scenario, a rapid recovery of groundwater levels is seen for the tail-end area. On the other hand, for the head-end command area, the groundwater rise is rapid for existing equitable allocation and slow for the plausible reallocation scenario.
Composite cost equity after 50 years' time is shown in Figure 19 (excluding HSU_1 and HSU_7, both have shallow DTW due to consistent recharge sources). Under equitable canal water allocations, the minimum composite cost of water (Rs./10 4 m 2 ) is 1,260 for HSU_2-Gugera and the maximum is 4,935 for HSU_8_M, that is, almost four times the total irrigation costs for the tail-end (4,935÷1,260 ¼ 3.92) than that of their counterparts at the head-end. With the proposed reallocation, the composite cost difference has progressively reduced to the minimum possible, as shown in Figure 20 . The standard deviation of cost equity (Figure 19 ) has improved from 1,607 (equitable scenario) to 241 (most plausible scenario). Also, there is a net saving in groundwater pumping cost of Rs.312.8 million (Rs.1,658.6 and 1,345.8 million, for existing equitable and proposed reallocation scenario respectively) as a result of canal water reallocation, which is 18.9% of the cost for the equitable canal water distribution.
Impact of declining groundwater levels
Groundwater depletion in the tail reaches of the LBDC indicates that water demand exceeds supply. This deficit is currently being met by over-exploitation/mining of groundwater resources, resulting mainly in declining groundwater levels. Interviews with farmers in Khanewal Division of the LBDC system indicated that the depth of tubewell sump (to place centrifugal pump near the groundwater level) increased from 7-8 m in 1990 to 14 m in 2010, with the prevailing average DTW as 15-20 m in depleted areas of the Division. A further deepening of well sump would be very dangerous as several sumps had collapsed during deepening, with many fatalities. The centrifugal pumps are becoming unusable for suction lift limitations in an increasing area with the passage of time. Therefore, most of the farmers are replacing centrifugal units with turbine pumps, primed by electricity at a very high cost, but this is not helping to cope with the situation, due to tremendous load shedding and the unreliable electricity supply in the country. The situation is almost similar in the tail-ends of Sahiwal Division but less severe due to the water table being comparatively shallower, by about 2-5 m, than that of Khanewal Division.
Tail-end farmers, often the poorest, suffer a twin disadvantageless water and more uncertainty. Poverty amongst tail-end farmers as compared to head-end farmers has been pointed out to be the highest, as being 11% and 6% for India and Pakistan (Hussain, 2005) . Baghar & Rasoul (2010) highlighted the increase in groundwater salinity with declining groundwater levels in Iran; they pointed out that saline intrusion due to declining groundwater is a major factor in increasing the salinity. Based on long-term groundwater quality data, travel time calculations and MODPATH runs with Groundwater Vistas, Basharat & Tariq (2013b) proved that lateral saline intrusion plays only a minor role in overall saline intrusion. It is the depletion of the upper fresh layer (irrigation system leakages) and up-coning of underlying saline water due to over-pumping that plays a major role in the deterioration of groundwater quality. All these issues in large irrigation systems demand integrated canal and groundwater management to ensure equitable supply of irrigation water from both the resources.
Conclusions and recommendations
Water scarcity is due not only to the physical shortage of water but also to poor management; as claimed by the World Water Council, 'Today's water crisis is not about having too little water to satisfy our needs. It is a crisis of managing water so badly that billions of people and the environment suffer badly' (Cosgrove & Rijsberman, 2000) . The aforementioned statement is wholly true for Pakistan as well. At present, no governance regime has been developed in Pakistan to control overuse and over-exploitation, and to ensure judicious use of the resources that are the common property of all. Under the current situation in Pakistan, groundwater utilization is about 50% of total irrigation supplies, whereas its contribution towards crop yields has now surpassed that of canal water. But current institutions, based on the present application of the rules of prior appropriation, consider conjunctive management impractical. In other words, the government institutions have a lethargic attitude to bringing some innovative changes that are needed to ensure irrigation system sustainability for the future generations. Normally, conjunctive water use refers to simultaneous use of surface water and groundwater to meet crop demand. Each day, most farmers in canal-irrigated areas mix canal water with groundwater. However, they do so individually at farm level, uncontrolled by any scheme or irrigation system-level entity. However, the sustainability of this increased food security is most importantly linked to the sustainability of the groundwater reservoir. Conjunctive water management can better accrue the benefits, when system administrators control ground and surface water simultaneously: at the watercourse, canal command and basin levels, to optimize productivity, achieve equity and environmental sustainability.
Irrigation water distribution equity was explicitly assured at the design stage, as well as during canal operations nowadays, within any canal irrigation system in IBIS. However, due to increasing crop water demand and decreasing rainfall towards the tail-end, depth to groundwater continuously increases in the downstream direction of the area. The current approach of equitable canal supplies does reflect equity in supply management but leads to disparity in meeting irrigation demand. This kind of situation needs command-scale integrated water management, where, in addition to canal water, both rainfall and groundwater have much importance attached to irrigation at farm level. Integration of water resources (canal water, groundwater and rainfall) can be implemented by simultaneously managing canal and groundwater resources at canal command and basin levels to optimize productivity, equity and environmental sustainability. In many canal commands and the Indus Basin level, such planning is needed to raise crop water productivity by reducing misuse of water where rainfall and canal water have higher combined availability. Already, it is less widespread at IBIS and rather absent at canal command level, because it requires new thinking at institutions level and re-evaluation of crop water requirements. However, this type of conjunctive management is a little difficult to implement; nevertheless, it can be of supreme importance for resource sustainability, particularly in water-scarce regions and in times of drought (avoid mining at tail-end) and wet years (avoid waterlogging and salinity at head-end) because failure to integrate conjunctive water resources can result in either of the two problems or both at the same time. This type of system-scale conjunctive water management can increase adaptive capacity to climate change adaptation for the times to come. Specific conclusions are given below.
Conclusions
1. As pointed out by Basharat & Tariq (2013a) , spatial climate variability is responsible for increasing depth to groundwater towards the tail-end of the LBDC command. In addition, decreasing density and discharge of irrigation channel network towards the tail-end have a remarkable impact in the form of reduced recharge. 2. Excessive lowering of the water table has made groundwater pumping 2.37 times, and overall irrigation cost 2.19 times, more expensive in the tail-reach areas of the LBDC command than in the head-reach areas. With researcher colleagues in the form of reviews and discussions are also gratefully acknowledged. Efforts put in by Maham Basharat of Lahore Grammar School for grammatical editing of the manuscript are highly acknowledged.
